Transglutaminase (TGase) from the actinomycete Streptomyces mobaraensis is a useful enzyme in the food industry, and development of an efficient production system for it would be desirable. Herein we report secretion of TGase in an enzymatically active form by methylotrophic yeasts as expression hosts. Secretory production of active TGase required a pro-peptide from TGase. When an artificial Kex2-endopeptidase recognition site was placed between the pro-peptide and mature TGase, secretion and in vitro maturation of TGase depended on Kex2-dependent cleavage. Unexpectedly, coexpression of unlinked pro-peptide with mature TGase yielded efficient secretion of the active enzyme. These results indicate that the pro-peptide from TGase functions not only in an intramolecular but also in an intermolecular manner. Site-directed mutagenesis of putative N-glycosylation sites increased the productivity of the active TGase further. A recombinant Candida boidinii strain was found to secrete active TGase up to 1.83 U/ml (about 90 mg/l) after 119 h of cultivation.
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Transglutaminase (glutaminyl-peptide: amine -glutamyltransferase; EC 2.3.2.13; TGase) is an enzyme that catalyzes acyl transfer reactions between the -carboxyamide group of a glutamine residue in a peptide chain and the primary amine. TGases are widely distributed in various cells, and their physiological properties have been studied in mammalian cells. 1) A kind of mammalian TGase, factor XIII, is extracted commercially from the blood of cattle and swine at slaughter. 2) But the blood enzyme is rarely used in food industry, since the red pigmentation is often detrimental to the appearance of the product. In addition, a specific protease, thrombin, is required to activate the enzyme.
Microbial TGase has been isolated primarily from the culture medium of Streptomyces sp.
3) It is used in various food production processes to improve the functional properties of food materials. TGase catalyzes intramolecular or intermolecular cross linkages within or between certain proteins through -glutamyl-"-lysine side chain bridges. This cross-linking reaction is used to control gelatinization of proteins in foods and to provide various food textures. The use of microbial TGase is preferred to mammalian enzymes in the food industry because (1) microbial TGase does not require calcium while known TGases from mammalian cells are calcium-dependent enzymes [4] [5] [6] and (2) microbial TGase can be mass-produced by conventional fermentation at lower cost than mammalian TGases.
The nucleotide and amino acid sequences of a precursor of TGase from Streptomyces mobaraensis were determined. [7] [8] [9] The gene contains a 1,221-nucleotide open reading frame encoding a 407-amino acid protein, corresponding to the predicted pre-peptide of 31 amino acids, the pro-peptide of 45 amino acids, and the mature TGase of 331 amino acids. The pro-peptide inhibits enzyme activity and also increases enzyme thermostability, 8) but it is not necessary for catalytic activity. The pro-peptide appears to be cleaved by specific metalloprotease in the culture medium of S. mobaraensis. 10, 11) Heterologous gene expression of microbial TGase has also been reported using Escherichia coli as the host, 12) although difficulties were encountered in obtaining secretion of TGase in an active form. In vitro refolding of the intracellularly produced mature TGase was found to be necessary to obtain an active enzyme. Recently, secretion of active TGase was reported by coexpression of a subtilisin-like protease in a Streptomyces or Corynebacterium expression system. 7,9,13) But co-expression of the protease was difficult to control, and protease overproduction may lead to degradation of the produced TGase.
The methylotrophic yeast system has been established as a high-level heterologous gene expression system by utilizing its alcohol oxidase gene promoter, and has become a promising host for high-level production of useful proteins. [14] [15] [16] [17] This study was conducted to evaluate an economical means of producing active TGase with a view towards establishing a general eukaryotic expression system for producing pro-peptidecontaining prokaryotic proteins.
Materials and Methods
Enzymes and chemicals. Restriction enzymes and Pyrobest DNA polymerase were purchased from TaKaRa Shuzo and used under conditions suggested by the supplier. The substrate for TGase, N-CBZ-GLN-GLY, was purchased from Sigma.
Yeast strains, media, and oligonucleotides. Pichia pastoris strains X33 (wild type) and SMD1168 (his4, pep4) were used as hosts for transformation. C. boidinii strain S2 18) was used as the wild-type strain. C. boidinii strains TK62 (ura3) 19) and BUL (ura3, leu2) 20) were also used as hosts for transformation.
A synthetic medium (1.34% yeast nitrogen base without amino acids (Difco), 1% glucose, and 4 Â 10 À5 (w/v) biotin) including appropriate amino acids and uracil was used for transformation of auxotrophic yeast strains. YPD medium (1% Bacto-yeast extract, 2% Bacto-peptone (Difco), 2% glucose) including 100 g/ ml Zeocin was used for selecting Zeocin-resistant P. pastoris transformants. BMMY medium, which consisted of 1.34% (w/v) yeast nitrogen base without amino acids, 0.5% (v/v) methanol and 4 Â 10 À5 % (w/v) biotin in 0.1 M potassium phosphate buffer, pH 6, was routinely used for TGase expression in P. pastoris. BMYPM medium, in which 0.76% NH 4 Cl, 1% (w/v) yeast extract, 1% (w/v) Bacto-peptone, and 1% methanol was added to synthetic MI medium (BM medium) as described previously, 19) was routinely used for TGase expression in C. boidinii. Yeast strains were aerobically grown at 28 C in a shaking flask. DNA oligonucleotides are listed in Table 1 .
Synthesis of TGase gene optimized for yeast codon usage. The DNA coding regions for pro and mature TGase were chemically synthesized according to the preferred codon usage of the two methylotrophic yeast strains, and the sequence of this synthesized fragment on pOMPA BTG+3 12) was confirmed by DNA-sequencing and submitted to DDBJ (AB181959).
Construction of TG expression plasmids in P. pastoris.
pProTG (pro-peptide plasmid): The pro-peptide of TGase gene was PCR-amplified from the synthesized TGase DNA using primer 2a and primer 2b, and the resulting PCR product was used as the template for a second PCR, using primer 1a and primer 1b. The PCR product was inserted into Hin dIII/Eco RI-digested pT7 blue, yielding pProTG.
pTG02 (mature TGase plasmid): The mature fragment of the TGase gene was amplified by PCR using primer PstI-mTG and primer mTG-PstI, with the synthesized TGase DNA as template. The PCR products were inserted into the Pst I site of pBluescript II SK+ (Stratagene), yielding pTG01. After the DNA sequence was confirmed, the 1.0-kb fragment was inserted into the Pst I site of pPICZB (Invitrogen) under the control of the P. pastoris alcohol oxidase gene (AOX1) promoter, yielding pTG02. pPTG02 (TGase precursor plasmid): pPTG constructs harbor the gene encoding a fusion protein composed of a pro-peptide and a mature form of TGase. The propeptide fragments were amplified by PCR using primers PstI-pTG and pTGÁEcoC, with pProTG as template. The mature TGase fragments were amplified by PCR using primers mTGÁEcoN and mTG-PstI, with pOMPA BTG+3 as template. A crossover PCR was carried out using primers PstI-pTG and mTG-PstI, with a mixture of the primary PCR products above as template. The resulting PCR product was cloned into the Pst I site of pBluescript II SK+, yielding pPTG01. After the DNA sequence was confirmed, the 1.2-kb fragment was inserted into the Pst I site of pPICZB, yielding pPTG02.
pPKTG02 (TGase precursor with Kex2-cleavage site): pPKTG harbors the artificial Kex2 endopeptidase recognition site (Lys-Arg) between the pro-peptide region and the mature TGase region. The pro-peptide region was amplified by PCR using primers PstI-pTG and pTG+KexC, with pProTG as template. The mature TGase fragments were PCR-amplified using primers mTG+KexN and PstI-pTG, with pOMPA BTG+3 as template. Primers PstI-pTG and mTG-PstI were used in a crossover PCR, with the primary PCR products above as template. The amplified fragment was inserted into pPICZB, yielding pPKTG02.
Construction of C. boidinii expression plasmids pTG02, pPTG02, pPKTG02, and pPKTGH02. pPICZB contained the Saccharomyces cerevisiaefactor secretion signal. C. boidinii expression vectors, pTG02, pPTG02, and pPKTG02, contained the expression cassette including the -factor secretion signal sequence from pTG02, pPTG02, and pPKTG02 respectively, in pNOTeI 16) under the control of the C. boidinii alcohol oxidase gene (AOD1) promoter.
Initially, a DNA fragment was amplified by PCR using primers NotI-fac and mTG-NotI, with pTG02 as template. The PCR product was inserted into the Not I site of pBluescript II SK+, yielding pTG01. After the DNA sequence was confirmed, the 1.2-kb fragment was inserted into the Not I site of pNOTeI, yielding pTG02. pPTG02 and pPKTG02 were constructed using the same procedure as for pTG02, except that pPTG02 and pPKTG02 respectively were used as templates.
pPKTGH02 contained a His 6 tag at the C-terminus of pPKTG to allow purification of expressed TGase using a Ni-NTA agarose column (QIAGEN). This plasmid was constructed using the same procedure as for pTG02, except that the PCR fragment was generated using primers NotI-fac and His-NotI, with pPKTG02 as template.
Site-directed mutagenesis of Asn-linked glycosylation sites. The site-directed mutageneses listed below were performed on PKTG constructs using the QuikChange site-directed mutagenesis kit (Stratagene). Mutations were subsequently confirmed by sequencing, and the 1.4-kb and 0.4-kb fragments were ligated into the Not I site of pNOTeI or pNOTeLI. pNOTeLI harbors the same AOD1 promoter and terminator cassette as pNOTeI, with the 3.2-kb C. boidinii LEU2 fragment 20) as a selectable marker.
N120Q: Primer N29Q3 and primer N29Q5 were used to convert Asn120 to Gln in pProTG and pPKTGH01. The obtained 0.4-kb and 1.4-kb fragments were inserted into the Not I site of pNOTeI and pNOTeLI and designated pProN1Q02 and pN1Q02 respectively. The following plasmids were constructed in the same way using the indicated primers and templates.
N420Q: The PCR-amplified 1.4-kb and 1.2-kb fragments from pPKTGH01 and pTG01 as templates using primers N329Q3 and N329Q5 were inserted into the Not I site of pNOTeI, yielding pN2Q02 and pTGN2Q02 respectively.
N435Q: The PCR-amplified 1.4-kb and 1.2-kb fragments from pPKTGH01 and pTG01 as templates using primers N344Q3 and N344Q5 were inserted into the Not I site of pNOTeI, yielding pN3Q02 and pTGN3Q02 respectively. N120Q/N420Q: The PCR-amplified 1.4-kb fragment from pN1Q01 using primers N329Q3 and N329Q5 was inserted into the Not I site of pNOTeI, yielding pN12Q02.
N420Q/N435Q: The PCR-amplified 1.4-kb fragment using primers N344Q3 and N344Q5 from pN2Q01 was inserted into the Not I site of pNOTeI, yielding pN23Q02.
N120Q/N435Q: The PCR-amplified 1.4-kb fragment using primers N344Q3 and N344Q5 from pN1Q01 was inserted into the Not I site of pNOTeI, yielding pN13Q02.
N120Q/N420Q/N435Q: The PCR-amplified 1.4-kb fragment using primers N344Q3 and N344Q5 from pN12Q01 was inserted into the Not I site of pNOTeI, yielding pN123Q02.
Construction of Pro coexpression vectors. The DNA fragment encoding TGase pro-peptide was amplified by PCR using primers NotI-fac and pTG-NotI, with pPTG02 as template. The PCR was inserted into the Not I site of pBluescript II SK+. After the DNA sequence was confirmed, the 0.4-kb fragment containing the S. cerevisiae -factor secretion signal and the propeptide sequence of the TGase gene was inserted into the Not I site of pNOTeLI. This expression plasmid, designated pPro02, was linearized with Kpn I and introduced into C. boidinii strain TG.
Transformation of methylotrophic yeasts. The constructed expression plasmids were linearized with Pme I and introduced into P. pastoris strain X33 by electro-poration. 21 ) Transformation of C. boidinii was performed by the modified lithium acetate method. 22) Each of the constructed plasmids except pProN1Q02 was linearized with Bam HI and introduced into C. boidinii TK62. pProN1Q02 was linearized with Kpn I and introduced into C. boidinii strains TGN420Q and TGN435Q. Following genomic Southern analysis (data not shown), a transformant harboring a single integrated copy of the expression plasmid was selected and used for further analysis.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western analysis. Standard 10% Laemmli gels, with the separating gel at pH 9.2, were employed. 23) Fourteen microliters of culture broth were loaded per well. Immunoblotting was performed using Western Blot Chemiluminescence Reagent Plus (NENÔ Life Science Products). Primary antibodies (anti-MTG) and horseradish peroxidase-linked anti-rabbit antibody were used at dilution rates of 1:3,000 and 1:10,000 respectively. Prestained protein marker (Low Range) (nacalai tesque) was used as a molecular weight standard.
Enzyme assays and definition of units. TGase activity was measured by the colorimetric hydroxamate procedure. 24) Enzyme solution (100 l) was mixed with 500 l of reagent A (50 mM MES, 100 mM NH 2 OH, 10 mM glutathione (reduced form), and 30 mM N-CBZ-GLN-GLY, pH 6.0, and incubated at 37 C for 10 min. The reaction was stopped by adding 500 l of reagent B (a, 3 N-HCl; b, 12% TCA; c, 5% FeCl 3 . 6H 2 O; a:b:c = 1:1:1), and the resulting red color was measured at 525 nm. One unit was defined as the formation of 1 mole of hydroxamic acid per min at 37 C. A calibration curve was prepared using L-aspartichydroxamate. The amount of protein was determined by the Bradford method. 25) In vitro processing of pro-peptide by Kex2 endopeptidase. TGase was expressed as a His 6 -tagged fusion protein from P. pastoris strain PKTG. Cells were removed from the culture broth by centrifugation and the culture supernatant was applied to a Ni-NTA agarose column (QIAGEN). Proteins were purified through a denaturation procedure as recommended by the manufacturer. Purified TGase was subjected to processing by Kex2 endopeptidase, a gift from Dr. T. Ashikari (Suntory Co., Ltd.). Four microliters of Kex2 endopeptidase (1:3 Â 10 7 U/ml) were added to purified TGase in 1 M Tris-HCl buffer, pH 7.0, containing 10 mM CaCl 2 .
EndoH digestion. Twenty microliters of 0.5 M sodium citrate buffer (pH 5.55) containing 2.0% SDS were added to 170 l of sample and incubated at 100 C for 5 min. To these aliquots, 10 l of EndoH (0.25 U/ml) or dsH 2 O were added and incubated at 37 C overnight. These samples were diluted 3-fold in SDS-PAGE sample buffer and loaded on a polyacrylamide gel.
High-level production of TGase in a jar-fermentor. Cells were grown in a 2-liter Mitsuwa KMJ mini-jar fermentor with a working volume of 1.0 liter. The pH was adjusted to 5.0-6.0 by the addition of NaOH or HCl. The BM medium used contained 0.3% (w/v) NH 4 Cl, 1.0% (w/v) yeast extract, and 0.3% (w/v) Bactopeptone. Glycerol was added at 1.0% or 3.0% (w/v), and methanol was added at 0.7% (v/v). Methanol, glycerol, and 10X BMY medium (10X BM containing 0.3% NH 4 Cl and 1% yeast extract) or 10X BMY medium (10X BM containing 0.3% NH 4 Cl and 1% yeast extract) concentrate were fed to the growing cells to obtain a high cell-density culture. The concentration of methanol was monitored and kept between 0.1 and 1.0%. The loss in volume of the culture medium due to vigorous aeration was compensated by adding 1X BMY or 10X BMY concentrate just prior to sampling.
Results
TGase cassettes for methanol-inducible expression in the two methylotrophic yeast systems P. pastoris and C. boidinii
The TGase-encoding gene from S. mobaraensis consisted of three parts: (i) a signal peptide for its secretion, (ii) a pro-peptide cleaved off after its secretion into the medium, and (iii) the mature form of TGase.
8) The role of the pro-peptide in the enzymatic activation of TGase in relation to its processing was studied using the methylotrophic yeast expression system. For this purpose, the coding regions for the pro-peptide and the mature TGase were synthesized according to preferred codon usage in these hosts. The expression cassette TG was constructed by fusing DNA encoding S. cerevisiae -factor to the N-terminus of DNA encoding the mature TGase (Fig. 1) . The expression cassette PTG contained the pro-peptide from TGase between the -factor and mature TGase-coding regions. The expression cassette PKTG contained an additional DNA sequence encoding a dibasic amino acid sequence (-KR-) cleavable by the Kex2 protease present in yeast Golgi. Each of these three expression cassettes was introduced into alcohol oxidase gene promoter-driven expression plasmids for use in the methylotrophic yeast strains, P. pastoris strain X33 and C. boidinii strains BUL or TK62. Single-copy chromosome-integrated yeast transformants confirmed by Southern analysis (data not shown) were designated P. pastoris strains TG, PTG, and PKTG, and C. boidinii strains TG, PTG, and PKTG.
The release of TGase pro-peptide from its precursor activated TGase in vivo and in vitro P. pastoris strains TG, PTG, and PKTG were grown in BMMY medium, and the TGase protein in the culture broth was analyzed. As shown in Fig. 2A (left  panel) , all of the Pichia transformants secreted TGase proteins as detected by Western analysis using antiTGase antibody. But only P. pastoris strain PKTG showed a significant level of TGase activity; strains TG and PTG did not (Fig. 2B) . The molecular masses of TGase in the medium varied depending on the transformant. P. pastoris strains TG and PKTG yielded two bands of 38 and 42 kDa respectively. These two bands appear to correspond to the mature form of TGase. P. pastoris strain TG did not show any TGase activity although the 38-and 42-kDa bands were observed ( Fig. 2A and B) . These results suggest that the presence of pro-peptide is necessary for the mature form of TGase to form an active form. TGase secreted from P. pastoris strains PTG and PKTG yielded a broad band of 48-90 kDa, suggesting glycosylation.
This expression experiment was also performed using the C. boidinii transformants as hosts. C. boidinii strains TG, PTG, and PKTG were grown for 48 h in BMYPM medium and the TGase proteins in the culture broth were analyzed. As shown in Fig. 2A (right panel) , TGase proteins from C. boidinii strain PTG gave a broad band of 48-70 kDa. C. boidinii strain PKTG yielded two bands of 38 kDa and 42 kDa, and no TGase protein was detected in the culture medium from C. boidinii strain TG. Among the P. pastoris and C. boidinii transformants tested, C. boidinii strain PKTG gave the highest TGase activity in the culture medium (Fig. 2B) .
These experiments indicate that both the P. pastoris and the C. boidinii transformants secrete an active form of TGase when the PKTG expression cassette is used. In both expression systems, (i) direct expression of mature TGase from the TG expression cassette did not yield an active enzyme from any transformant, and (ii) the two smaller bands of 38 and 42 kDa were associated with enzyme activity upon introduction of the Kex2-recognition site. These results suggest that proteolytic cleavage of the pro-peptide at the Kex2-recognition site was necessary to yield an active form of TGase.
We speculate that TGase activity in the P. pastoris strain PKTG was lower than the activity in the C. boidinii strain PKTG because there was insufficient proteolytic cleavage at the Kex2 recognition site. To test this possibility, a high-molecular form (47-70 kDa) of secreted TGase protein was purified from the culture broth of P. pastoris strain PKTG and treated with Kex2. TGase activity in the reaction mixture was then followed and correlated with the band sizes of the TGase proteins. As shown in Fig. 2C , TGase activity increased after Kex2 treatment in a time-dependent manner together with the appearance of doublet bands of 38 and 42 kDa and a decrease in the high-molecular smeared bands. Kex2 treatment of the TGase protein purified from the P. pastoris strain PTG yielded neither enzyme activity nor the doublet bands (data not shown). These results indicate that the precursor of TGase was converted to the active form through Kex2-dependent cleavage between the pro-peptide and the mature-TGase protein.
N-linked glycosylation of TGase proteins secreted from C. boidinii
EndoH treatment of the proteins purified from P. pastoris strain PKTG (data not shown) and C. boidinii strain PKTG eliminated the broad and highmolecular weight TGase bands (Fig. 3A) . This indicates -factor, S. cerevisiae -factor leader sequence; pro, pro-peptide from S. mobaraenesis TGase; KR, the dibasic Kex2 endopeptidase processing site (-Lys-Arg-); mature TG, a mature form of S. mobaraensis TGase. The Asn residues for putative N-linked glycosylation sites are shown and their amino acid positions indicated. Pro/TG: each expression cassette for the pro-peptide and mature TGase was expressed under the control of the AOD1 promoter at two different chromosomal loci. These expression cassettes were designed and synthesized using preferred yeast codons. The optimized DNA sequence of TGase is available (accession no. AB181959).
that the secreted TGase proteins were indeed glycosylated in both yeast hosts.
The amino acid sequence of the PKTG expression cassette has three asparagine residues through which potential N-linked glycosylation can occur, viz., Asn120 (N120), Asn420 (N420), and Asn435 (N435) (Fig. 1) . These putative N-linked glycosylation sites were replaced with glutamine residue in all possible combinations through site-directed mutagenesis to elucidate the effect on N-glycosylation and on production of active TGase. Each of the mutagenized expression cassettes was introduced into C. boidinii strain TK62, and the resultant transformants were designated C. boidinii strains N120Q, N420Q, N435Q, N120/420Q, N120/ 435Q, N420/435Q, and N120/420/435Q. C. boidinii strain PKTG and these transformants were grown in BMYPM medium, and TGase activity and protein profiles were analyzed after 48 h of cultivation. Significant differences in growth were not observed (data not shown). As shown in Fig. 3B and C, enzyme activity and TGase protein were detected in the medium from all of the tested transformants, but the level of TGase activity and the molecular forms of secreted TGase varied.
The activity levels observed with various transformants were in parallel with the band intensities of 38-kDa bands. Among the transformants carrying a single mutation, viz., N120Q, N420Q, and N435Q, the N420Q mutation resulted in a decrease in secreted active TGase. On the other hand, both the N120Q and the N435Q mutations resulted in slight increases in secretion of the active enzyme. Among the double mutations, the transformants which included the N420Q mutation resulted in a decrease in secreted active TGase. On the other hand, the N120/435Q mutation resulted in a dramatic increase of the amount of active TGase by about 3-fold when compared with the wild-type expression cassette PKTG (Fig. 3C) . The triple mutations, viz., N120/420/435Q, resulted in a decrease in the secretion of active TGase as compared with the double N120/435Q mutations. From these results, the double N120/435Q mutations were found to be the best expression cassette for the highest TGase activity when secreted from C. boidinii.
Coexpression of unlinked pro-peptide leads to direct expression of active mature TGase
Direct expression of mature TGase using the expression cassette TG did not exhibit any enzyme activity although the TGase protein was detected in the medium of P. pastoris (Fig. 1) . C. boidinii strain TG did not give a detectable level of TGase protein. On the other hand, active TGase was secreted when the PKTG expression cassette was used. This system relies on Kex2-dependent cleavage of a pro-peptide from the TGase precursor. Next we tested coexpression of an unlinked pro-peptide and a mature TGase. Both the propeptide expression cassette Pro and the expression cassette TG were placed under the control of the AOD1 promoter (Fig. 1) , and were successively introduced into C. boidinii strain BUL as single-copy expression cassettes. The transformant was designated C. boidinii strain Pro/TG. C. boidinii strain Pro/TG and control strains were grown on BMYPM medium and the secreted TGase proteins were analyzed. There were no significant differences in the growth of C. boidinii strain Pro/TG and the other transformants (data not shown). As shown in Fig. 4 , TGase activity was detected at a high level in the medium of C. boidinii strain Pro/ TG, whereas in the culture broth of strain TG the level was nil. Thus expression of Pro enabled the TG cassette to secrete active TGase. The TGase secreted from C. boidinii strain Pro/TG was observed as triplet bands of 39, 43, and 44 kDa (Fig. 4A) . The secreted TGase activity from strain Pro/TG was 0.338 U/ml (at 96 h after incubation), equivalent to 435% of that from strain PKTG (Fig. 4B) . These results indicate that the pro-peptide from TGase (Pro) is necessary for the enzyme to become active and that the Pro sequence may function in an intermolecular manner.
Effect of mutations in N-linked glycosylation sites on unlinked coexpression of a pro-peptide and a mature TGase A coexpression system of unlinked mutated propeptide and mutated TGase was constructed to examine the effect of mutations in N-glycosylation sites on the secretory production of active TGase. The mutated amino acid positions within N-glycosylation sites in the PKTG construct, N120Q, N420Q, and N435Q, correspond to ProN120Q in the aPro construct and to TGN373Q and TG N388Q in the TG constructs respectively (Fig. 1) . As summarized in Fig. 5 , each mutation resulted in a doublet band of 42 and 38 kDa, and abolished the 48-kDa band observed in C. boidinii strain Pro/TG.
TGase activity was found in the medium of propeptide-coexpression transformants, but not in the culture broth from C. boidinii strain TGN373Q or from strain TGN388Q. Secreted TGase activities after 68 h of cultivation from C. boidinii strains Pro/TGN373Q, Pro/TGN388Q, ProN120Q/ TGN373Q, and ProN120Q/TGN388Q were 0.397 U/ml, 0.58 U/ml, 0.674 U/ml, and 0.794 U/ml respectively, equivalent to 181%, 309%, 361% and 426% of that from C. boidinii strain Pro/TG (0.182 U/ml).
Figure 5B summarizes the improvement of secretory production of active TGase in C. boidinii through modification of the TGase-expression cassette. C. boidinii strain ProN120Q/TGN388Q produced about ten times more active TGase than strain PKTG, while possessing the same promoter and a single expression cassette on the corresponding chromosome.
Production of active TGase in a fermentor
Two of the constructed C. boidinii strains, Pro/TG and ProN120Q/TGN388Q, were tested for smallscale production of TGase. Cells were grown in a working volume of 1.0 l in a 2-l fermentor by successive feeding of concentrated medium and nutrients, as described in ''Materials and Methods''.
Cells of C. boidinii strain Pro/TG were grown on methanol as a single carbon source up to about 30 g dry cell weight per liter of culture medium after 156 h. TGase activity reached about 0.5 U/ml (about 24 mg/l) after 95 h, and did not increase thereafter (Fig. 6A) . Western analysis of the culture broth showed that secreted TGase was degraded by an extracellular protease and inactivated (Fig. 6B) . The purified TGase exhibiting triplet bands (38, 42, and 48 kDa) on SDS-PAGE had a specific activity of 21 U/mg protein, which was comparable to TGase from the original host.
Further study indicated that an alternative cultivation method was more suitable for C. boidinii strain ProN120Q/TGN388Q. First, cells of this strain were grown for 64 h in a glycerol-fed batch culture up to 27 g dry cell weight per liter. Then methanol-feeding was initiated to induce full gene expression. The methanol concentration was kept below 0.5%. TGase activity in the culture broth increased steadily in a linear fashion during the methanol fed-batch phase (Fig. 6C) . After a total of 119 h of cultivation, TGase activity reached 1.83 U/ml, which corresponds to about 87 mg/l estimated from the specific activity of the purified enzyme (22 U/mg protein). Western analysis indicated that secreted TGase from strain ProN120Q/TGN388Q was also degraded by extracellular protease (Fig. 6D) . The purified enzyme exhibited a doublet band of 38 and 42 kDa by SDS-PAGE, having the same N-terminal amino acid sequence as the mature form of TGase (data not shown).
Discussion
This report describes the development of a system for overproduction of active Streptomyces transglutaminase in methylotrophic yeasts. In the course of optimizing the conditions of the expression cassette for efficient TGase expression, we discovered important characteristics of TGase and its pro-peptide.
TGase, which is produced in E. coli as an inclusion body, must be folded into an active form in vitro, 12) and the in vitro folding reaction does not require TGase propeptide. Our experiments indicated that expression of a pro-peptide from the original host was essential for the secretion of active TGase from the yeast cells. Unexpectedly, unlinked expression of the pro-peptide was found to be very effective for the production of active TGase in terms of both quality and quantity (Fig. 4) . Furthermore, when TGase was expressed as a precursor, Kex2-dependent release of a pro-peptide from the precursor was also necessary to yield active TGase.
An inactive form of the TGase precursor can be converted in vitro upon Kex2-dependent release of the pro-peptide from the precursor (Fig. 2C) . Recent analysis of the 3D-crystal structure of TGase has suggested that a pro-peptide hindered access of the substrate to a catalytic site located at the bottom of the cleft. 26) These facts may reflect a regulatory function of the TGase propeptide in the original host. Due to its catalytic nature, TGase can be toxic within a bacterial cell. Hence, activation of the TGase precursor at the cell surface upon secretion through processing may be advantageous to avoid ill effects of the synthesized protein within the cells. These features of TGase synthesis are very similar to the synthesis of other bacterial and eukaryotic proteases which also involve pro-peptides. 8) How does the pro-peptide act on the TGase protein during its transit through the secretory pathway in yeast cells? Coexpression of both a mature enzyme and a propeptide as unlinked polypeptides has been reported to yield active enzymes in other systems: aspartic protease Sap1 in C. albicans, 27) membrane type-1 matrix metalloproteinase, 28) and Pseudomonas aeruginosa elastase. 29) In these cases, the pro-peptide was assumed to act as an intermolecular chaperone to accelerate protein folding, enzymatic activity, or competence for secretion, (A) Proteins in 10 l of culture broth from each strain of C. boidinii were separated by SDS-PAGE and subjected to Western analysis using anti-MTG. (B) Relative activity of TGase detected in the culture broth after 68 h of cultivation. Activity is shown relative to that of C. boidinii strain Pro/TG (0.182 U/ml broth) based on triplicate measurements.
via direct interaction between it and the mature enzyme. We have not yet succeeded in obtaining direct evidence for pro-peptide-mediated stimulation of the folding of mature TGase in vitro (data not shown).
Hydrophobic patches of unfolded proteins are known to associate with molecular chaperones and to trigger the degradation of unfolded proteins within the ER. 29) Hence, the active and toxic TGase, which exposes more hydrophobic residues around the catalytic cleft, 26) might be degraded through such an ER quality control mechanism. Indeed, intracellular TGase was scarcely detected in the cell-free extract from C. boidinii strain TG by Western analysis (data not shown). When the catalytic cleft was masked by the coexpressed propeptide, TGase might have escaped degradation, resulting in a higher level of protein secretion. These possible roles of the TGase pro-peptide as a potential chaperone call for further investigation.
The conspicuous molecular difference between the molecular structure of native bacterial and yeast-produced bacterial TGase is that the TGases produced in yeast are glycosylated and have a higher molecular weight. TGase has three putative glycosylation sites, and all of them were shown to be N-glycosylated in yeast. Glycosylation of TGase did not inhibit activity or activation. Nevertheless, the present analysis indicates that N-glycosylation of TGase affects both activity and total amount of enzyme, since the protein expression level was found to increase following mutagenesis of the N-glycosylation sites (i.e., the N420Q/N435Q construct yielded the highest protein productivity).
Throughout this study, we used a single chromosomal integrant of the expression cassette to evaluate and optimize expression of TGase in yeast. As a result, we derived a C. boidinii strain secreting a high amount of active TGase in the medium (about 90 mg/l), whose productivity was 20 times higher than that of the original strain and comparable to the level recently developed with a Corynebacterium expression system. 9) Since active TGase can be produced directly when the propeptide is coexpressed, neither simultaneous expression of exogenous protease nor refolding of the protein is necessary in the yeast expression system. Similar propeptide coexpression did not yield an active enzyme in the bacterial expression systems (data not shown), so the methylotrophic yeast expression system appears to be superior in this respect. Introduction of multi-copy expression cassettes and utilization of protease-negative yeast strains, together with optimization of cultural conditions, is expected to result in more efficient production of active TGase. In addition, the established experimental system described herein can be used to study folding and activation of TGase in vitro relative to the function of the TGase pro-peptide. These studies will perhaps lead to more efficient, large-scale production systems for this industrially-important enzyme.
